Background Composites of biodegradable polymers and bioactive ceramics are candidates for tissue-engineered scaffolds that closely match the properties of bone. We previously developed a porous, three-dimensional poly (D,L-lactide-co-glycolide) (PLAGA)/nanohydroxyapatite (n-HA) scaffold as a potential bone tissue engineering matrix suitable for high-aspect ratio vessel (HARV) bioreactor applications. However, the physical and cellular properties of this scaffold are unknown. The present study aims to evaluate the effect of n-HA in modulating PLAGA scaffold properties and human mesenchymal stem cell (HMSC) responses in a HARV bioreactor. Questions/purposes By comparing PLAGA/n-HA and PLAGA scaffolds, we asked whether incorporation of n-HA (1) accelerates scaffold degradation and compromises mechanical integrity; (2) promotes HMSC proliferation and differentiation; and (3) enhances HMSC mineralization when cultured in HARV bioreactors. Methods PLAGA/n-HA scaffolds (total number = 48) were loaded into HARV bioreactors for 6 weeks and monitored for mass, molecular weight, mechanical, and morphological changes. HMSCs were seeded on PLAGA/ n-HA scaffolds (total number = 38) and cultured in HARV bioreactors for 28 days. Cell migration, proliferation, osteogenic differentiation, and mineralization were characterized at four selected time points. The same amount of PLAGA scaffolds were used as controls.
Introduction
In the United States, it is estimated that one of every two Americans will experience a fracture before the age of 65 years [10] . For those patients with fractures treated surgically, 500,000 procedures annually involve the use of a bone graft [15] . With an increasingly aging population, this number will only continue to rise. Bone graft procedures have been conventionally accomplished using autografts and allografts. Although these grafts have led to clinically relevant healing, they possess disadvantages including limited supply, immune response induction, risk of disease transmission, and inconsistent bone healing. Studies have shown that the failure rate of allografts is between 25% and 35% [2, 35] . Bone tissue-engineered constructs using cells, scaffolds, and/or growth factors may provide an alternative strategy to traditional bone grafts [40] .
Substantial prior bone tissue-engineering research has focused on the development of scaffolds that possess the proper material properties and pore structure necessary to fill bone defects [5, 34, 44] . Although a variety of bone graft substitute materials including metals, ceramics, and polymers have been used [24] , polymer/ceramic composites possess a unique set of properties that allow them to best facilitate bone regeneration [20] . Biodegradable polymers like polyesters [12, 25, 53] , poly(anhydride-co-imides) [1, 33] , polyphosphazenes [21, 22] , and polyurethanes [4, 30] are capable of providing initial mechanical structure and support for regenerating bone tissue, whereas bioactive ceramics such as hydroxyapatite [43, 50] , tricalcium phosphate [18, 38] , and octacalcium phosphate [31] possess intrinsic osteoinductivity that can induce desired bone cell differentiation. More specifically, porous three-dimensional (3-D) scaffolds composed of poly(D,L-lactide-co-glycolide) (PLAGA)/nanohydroxyapatite (n-HA) matrix enhance preosteoblast growth, differentiation, and mineralization [16, 39, 48] .
Although in vitro results have been published in which cells are capable of penetrating the interior of polymer/ ceramic scaffolds [24] , these scaffolds alone are often only able to induce new bone tissue development in vivo at the scaffold surface [13, 27, 51] . This issue may be overcome by first cellularizing the scaffold with stem cells in vitro [17] . One cell source option is bone marrow mesenchymal stem cells (MSCs), which can differentiate into a variety of cells including osteoblasts, chondrocytes, and adipocytes [3] . Although MSCs represent a small fraction of marrow cells [52] , they can be isolated, cryopreserved, and expanded [3] while still retaining their osteogenic potential making them an ideal cell source. However, cells may have difficulty migrating into the interior of these 3-D constructs. With static culture techniques, the transportation of oxygen, nutrients, and low-molecular-weight metabolites is limited by diffusion preventing cells from being able to survive in the scaffold interior. To overcome this problem, a variety of dynamic culture systems have been used including perfusion bioreactors [45, 56] , spinner flasks [32, 58] , roller bottles [26] , and rotating wall bioreactors [55, 59] . The high-aspect ratio vessel (HARV) bioreactor is a low-shear, high-mass transfer system that improves cell-seeded bone tissue-engineering scaffold performance [6, 9, 60] . Although the HARV bioreactor has been used for the dynamic culturing of osteoblast [60] and preosteoblast cells [7, 11] , it is unclear how human mesenchymal stem cells (HMSCs) behave in HARV bioreactors.
We therefore assessed whether incorporation of n-HA (1) accelerates scaffold degradation and compromises mechanical integrity; (2) promotes HMSC proliferation and differentiation; and (3) enhances HMSC mineralization when cultured in HARV bioreactors.
Materials and Methods
To answer the first key question, we conducted a dynamic degradation study of PLAGA/n-HA and PLAGA scaffolds in HARV bioreactors at 37°C, in which scaffold weight, molecular weight, and surface morphology changes of the scaffolds were monitored over time (Fig. 1 ). The second study was carried out to answer the second and third questions. PLAGA/n-HA and PLAGA scaffolds were seeded with HMSCs and cultured in the HARV bioreactors for 28 days. At Days 7, 14, 21, and 28, samples were removed from bioreactors and DNA quantities, alkaline phosphatase (ALP) secretion, and calcium deposition were quantified and compared. The sample sizes were determined based on previously published results [7, 44, 60] .
Cylindrical composite scaffolds (4 mm x 2.5 mm) with a PLAGA/n-HA ratio of 4:1 were fused at 90°C for 3 hours as previously described [44] . We used cylindrical PLAGA scaffolds fused at 80°C for 3 hours as controls.
We visualized the distribution of n-HA particles inside the microspheres and scaffolds by micro-CT. PLAGA/ n-HA and PLAGA scaffolds were scanned by a micro-CT 40 machine (Scanco Medical AG, Basseersdorf, Switzerland) using a 12-mm sample holder, energy of 45 kV, current of 88 lA, and exposure time of 200 ms. Micro-CT analysis confirmed that the n-HA particles (red) were present within the composite scaffolds ( Fig. 2 ).
Dynamic degradation of PLAGA/n-HA and PLAGA scaffolds was conducted in HARV bioreactors at 37°C. HARV bioreactors were filled with 55 mL phosphatebuffered saline (PBS; pH = 7.4) and rotated at 35 rpm. PLAGA/n-HA (48 total) and PLAGA (48 total) scaffolds were loaded into two bioreactors and rotated continuously for a total of 6 weeks. Each week we removed eight samples of each kind from the bioreactors and dried them for weight determination, mechanical testing, molecular weight analysis, and scanning electron microscopy (SEM). We weighed all scaffolds individually before the degradation study. Each week, random samples (n = 8) were taken out of the bioreactor and the average scaffold weight for both composite and polymeric scaffolds were determined. Because the samples were taken randomly from the bioreactors, their original weights before degradation were not known. Therefore, we compared the average weight at each time point with the original average scaffold weight before degradation.
We evaluated compressive modulus and strength changes resulting from degradation on a weekly basis. After weight measurements, six of the eight fully dried scaffolds were subjected to compression test using an Instron mechanical testing machine (Instron Model 5544, Canton, MA, USA) at a crosshead speed of 5 mm/min at ambient temperature and humidity. We determined compressive modulus and maximum compressive strength of scaffolds using Merlin software (Instron, Norwood, MA, USA) associated with the Instron machine.
We evaluated the polymer molecular weight of both composite scaffolds and pure polymeric scaffolds on a weekly basis during the degradation study. After mechanical testing, three of the six scaffolds were dissolved in THF to form 0.1% polymer solutions and then centrifuged at 5000 rpm for 10 minutes. The supernatant polymer solution was carefully removed without disturbing the n-HA pellet and filtered through 0.45-lm filters. Molecular weight analysis was carried out using gel permeation chromatography (GPC). The GPC system consists of a Waters 717 plus Autosampler (Water Corporation, Milford, MA, USA), a Waters 2414 Refractive Index Detector, a Waters 2487 Dual k Absorbance detector, and a Polymer Labs (Varian Inc, Amherst, MA, USA) ELSD 1000 Detector. We used a series of four JORDI DVB divinyl benzene flash columns (Jordi Lab, Mansfield, MA, USA). The system operates with a mobile phase of THF at a flow rate of 2 mL/min at 40°C and an injection volume of 100 lL. The weight average molecular weight was calculated using Millennium132 software (Water Corporation, Milford, MA, USA).
The changes in scaffold surface morphology during degradation were monitored by SEM. In brief, fully dried scaffolds were sputtercoated with gold/palladium and examined with a HITACHI TM-1000 (Hitachi High Technologies America Inc, Pleasanton, CA, USA) tabletop microscope. Four of the authors examined the SEM images and each picture represents the typical case in at least three different areas. We purchased HMSCs from Lonza Walkersville Inc (Walkersville, MD, USA). The cells were expanded and maintained in Mesenchymal Stem Cell Basal Medium purchased from Lonza. Scaffolds were soaked in 70% ethanol for 15 minutes, washed with sterile water twice for 15 minutes each time, and further sterilized by ultraviolet irradiation for 30 minutes on each side. HMSCs (Passage 4) were seeded onto 38 PLAGA/n-HA scaffolds and 38 PLAGA scaffolds at a density of 5 x 10 4 cells/scaffold. After 24 hours, the scaffolds were transferred into 50-mL HARV bioreactors rotating at 35 rpm and cultured in osteogenic media (Lonza) at 37°C and 5% CO 2 . At Days 7, 14, 21, and 28, we removed scaffolds from the bioreactor for characterization.
Cell proliferation was quantified by measuring the DNA content of the cells. At predetermined time points, we removed three scaffolds of each type from the bioreactor, washed them with PBS, and transferred them into 48-well plates. Cells were lysed with 1 mL 1% Triton X-100 solution and then subjected to three freeze-thaw cycles. We stored the resultant cell lysates at À70°C for further assay. At the end of the culture period, the cell lysate samples were thawed together and assayed using a PicoGreen1 double-stranded DNA(dsDNA) Quantification kit (Molecular Probes, Eugene, OR, USA).
To visualize HMSC morphology and distribution on the scaffold surface by SEM, cell-seeded scaffolds were fixed at 4°C in 1% glutaraldehyde for 1 hour and then in 3% glutaraldehyde for 24 hours. The scaffolds were dehydrated sequentially for 10 minutes each using an ethanol series (30%, 50%, 70%, 80%, 90%, 95%, and 100%). Scaffolds were allowed to dry overnight, coated with gold/palladium, and viewed by SEM (JEOL 6700, Tokyo, Japan) at an acceleration voltage of 3 kV.
We measured ALP activity, an early marker of osteoblast activity, using an ALP substrate kit (Bio-Rad, Hercules, CA, USA). The same cell lysates collected for cell proliferation were used for this assay.
Mineralization was characterized by calcium quantification using an Alizarin red staining assay. In brief, we removed three scaffolds of each type from the bioreactors at predetermined time points and washed them with PBS. Scaffolds were fixed with 70% ethanol at 4°C for 1 hour and stained with 10% Alizarin red (Sigma, St Louis, MO, USA) solution for 10 minutes. The scaffolds were then washed with deionized water five or more times until the wash no longer showed presence of nonadsorbed stain. We took pictures of stained scaffolds with a stereo microscope (Discovery V12; Zeiss, Thornwood, NY, USA). Next, 1 mL 10% cetylpyridinium chloride (Sigma-Aldrich) solution was added to each scaffold to dissolve the absorbed stain. The optical density of the solution was read spectrophotometrically (TECAN, Männedorf, Switzerland) at 550 nm.
We further visualized HMSC distribution on scaffolds by immunofluorescent staining for cell nuclei and cytoskeletal protein actin under a Zeiss LSM 510 UV confocal laser scanning microscope (Carl Zeiss MicroImaging Inc, Thornwood, NY, USA). The nuclei and actin fibers were stained by DAPI and TRITC-conjugated phalloidin (CHEMICON International Inc, Temecular, CA, USA), respectively. We visualized the nuclei and actin fiber stains under different light sources and these are shown in blue and red, respectively.
Histological analysis and immunostaining were used to visualize cell migration, tissue formation, and extracellular protein deposition in the scaffolds. We removed two HMSC-seeded scaffolds of each kind from the bioreactor at the end of the culture period, washed them with PBS, and then fixed them in 10% formalin at room temperature for 1 week. The samples were decalcified in a commercial product, Cal-Ex (Fisher Scientific), which contains HCl and EDTA and then embedded them in a paraffin block. Fivemicron-thick sections were cut from three different depths of the block and mounted on poly-L-lysine-coated slides. We removed the paraffin by toluene and the samples were rehydrated through graded alcohols to distilled water. The slides were subjected to different types of stains: hematoxylin and eosin (H&E) stain, osteopontin (OPN) immunostain, and osteocalcin (OCN) immunostain. The stained slices were analyzed qualitatively by light microscopy by three of the authors (QL, MD, LSN). Both PLAGA and PLAGA/n-HA scaffolds were dissolved during histological processing. Cellseeded scaffolds before osteogenic induction were used as negative controls and also found to be completely dissolved.
For the cell-seeded PLAGA group after osteogenic induction, there was not enough cell/tissue formation to be observed and analyzed under the microscope.
One-way analysis of variance and Tukey's test were performed to determine statistical differences in mechanical and cellular properties between different scaffold types and different time points. We performed statistical analysis using XLSTAT Pro 7.5 software (Addinsoft, New York, NY, USA). Error bars indicate SD.
Results
The average weight of both PLAGA/n-HA and PLAGA scaffolds showed no changes over the 6 weeks of the study (Fig. 3A) indicating the incorporation of n-HA did not change the scaffold erosion pattern. Scaffold polymer molecular weight stayed relatively unchanged for the first 5 weeks of dynamic culture (Fig. 3B ). Between 5 and 6 weeks, the molecular weight of both scaffold types decreased (p = 0.008). PLAGA/n-HA scaffolds showed higher compressive moduli (p = 0.001) and compressive strengths (p = 0.003) than PLAGA scaffolds at Week 0 ( Fig. 3C-D) . During initial degradation, the PLAGA scaffolds showed no change in mechanical properties, whereas the PLAGA/n-HA scaffolds showed a decrease (p = 0.001) in compressive moduli. At 6 weeks, we observed no difference in mechanical properties between the two scaffold types. SEMs illustrate occasional cracks were formed between neighboring microspheres on the surface of PLAGA/n-HA scaffolds after 3 weeks ( Fig. 3E) . Larger cracks were seen on the scaffold surface at 6 weeks ( Fig. 3F ). HMSCs seeded on PLAGA/n-HA scaffolds cultured in HARV bioreactors showed increased DNA quantity (p = 0.022) with culture time indicating normal cell growth (Fig. 4A) . At Day 28, DNA quantity was higher (p = 0.018) for HMSCs on PLAGA/n-HA scaffolds than on PLAGA scaffolds. ALP activity for HMSCs cultured on PLAGA/n-HA scaffolds showed an increasing trend with culture time until Day 21 and dropping (p = 0.022) at Day 28 (Fig. 4B) . A similar trend was observed for HMSCs cultured on PLAGA scaffolds; however, there was no difference among any of the time points. At Days 21 and 28, ALP activity of HMSCs cultured on PLAGA/n-HA scaffolds was higher (p = 0.013 on Day 21 and p = 0.023 on Day 28) than HMSCs cultured on PLAGA scaffolds. SEM showed that HMSCs were mainly located at the adjoining area between neighboring microspheres on PLAGA/n-HA scaffolds (Fig. 4C-D) .
With increasing culture time we qualitatively observed a deeper red color suggesting increased Alizarin red deposition on PLAGA/n-HA scaffolds (Fig. 5A ). From the end view of a PLAGA/n-HA scaffold (Fig. 5B) , the exterior layer of microspheres remained mostly unstained. However, we observed areas of dark red stain in between the microspheres. From a side view of a PLAGA/n-HA scaffold (Fig. 5C ), the center of the scaffold appeared more heavily stained than the outside of the scaffold. When stained scaffolds were cut open, heavy Alizarin red staining was found at the center of the scaffold (Fig. 5D ). On Day 7, HMSC nuclei were loosely located near the adjoining areas of microspheres (Fig. 6A) . Actin fibers were not abundant and exhibited random-oriented fiber morphology. We found HMSCs mainly at the adjoining area between microspheres on the surface of PLAGA/n-HA scaffolds at Day 21 ( Fig. 6  B) . However, at the center of PLAGA/n-HA scaffolds (Fig. 6C) , HMSCs appeared to have proliferated and covered the entire surface of the microspheres. Spectrophotometrically quantified desorbed Alizarin red stain increased (p = 0.016 for PLAGA/n-HA and p = 0.010 for PLAGA) over time (Fig. 5E ) indicating greater calcium deposition for both scaffold types. At Days 7, 14, and 28, a greater quantity (p = 0.021, p = 0.015, and p = 0.008, respectively) of Alizarin red stain was detected for PLAGA/ n-HA scaffolds than for PLAGA scaffolds. H&E-stained histological sections from different depth levels inside the PLAGA/n-HA scaffolds confirmed that HMSCs were present throughout the scaffold interior (Fig. 7A ). We detected extracellular OCN (Fig. 7B) and OPN (Fig. 7C ) at different locations of the scaffold interior providing evidence that HMSCs not only migrated into the interior of the scaffold, but also differentiated and maturated into osteogenic cells. These findings corroborate the qualitative ALZ results.
Discussion
The design of an ideal bone regenerative engineering strategy necessitates the fundamental investigation into the roles that scaffold properties and culture environment play in modulating stem cell responses such as cell migration, proliferation, differentiation, and mineralization. In our previous in vitro work under static conditions, we found the PLAGA/n-HA composite system supports elevated expression of phenotypic markers such as ALP as well as mineral deposition of HMSCs [44] . We therefore asked whether incorporation of n-HA would (1) accelerate scaffold degradation and compromise mechanical integrity; (2) promote HMSC proliferation and differentiation; and (3) enhance HMSC mineralization when cultured in HARV bioreactors.
The current study presents a few limitations to be considered. First, as a result of the limited number of HARV bioreactors in our laboratory, the scaffold weight change during degradation was based on the average weight of random samples. Given the similar dimension and weight of the samples within the bioreactor, the average weight change was the closest approximation of the direct weight change of each specific sample. Second, the enhanced differentiation of HMSCs was demonstrated through measurements of phenotypic markers. The underlying molecular signaling pathway governing the cell-scaffold interactions and promotion of osteogenic differentiation in the dynamic culture environment requires further focused efforts. Third, static culture was not included because the benefits of HARV bioreactor culture as compared with the static culture have been established previously and the aim of this study was to investigate the effect of n-HA on HMSC behavior in the bioreactor. Fourth, in the control group there was not enough tissue formation to be shown in the histological analysis during the 28 days of culture period. A future cell study with a longer culture period would help reveal the cell and tissue growth inside the PLAGA scaffolds. The extent of flow in the physiological environment makes a dynamic degradation study more representative. To our knowledge, there are no dynamic degradation studies of PLAGA or PLAGA composite in HARV bioreactors so far. Our data demonstrated that the introduction of n-HA resulted in a marked difference in scaffold mechanical integrity despite no changes in the polymer erosion pattern. Before degradation, the PLAGA/n-HA scaffolds exhibited higher mechanical properties than PLAGA scaffolds. At early time points, a more pronounced decrease in compressive modulus and strength of PLAGA/n-HA was observed as compared with PLAGA scaffolds. The mechanical properties of sintered polymer microsphere scaffolds largely depend on the fusion area between neighboring microspheres [5, 37] . The process of PLAGA degradation starts with water intake [23, 57] . The hydrophilic nature of HA may increase the extent of water attack at the adjoining area between neighboring microspheres, therefore causing the crack formation, which deteriorated the mechanical properties of scaffolds ( Fig. 3E-F ). Hydrolysis generates low-molecular-weight oligomers, which do not diffuse out the polymer matrix immediately. Thus, polymer M w decreases but average weights of samples remain constant and the 3-D structures remain intact. It has been reported that these entrapped oligomers with more carboxylic chain ends can further autocatalyze ester bond hydrolysis [57] . The soluble degraded oligomers near the surface are easier to leach out into surrounding media. In contrast, the oligomers deep inside the polymer matrix tend to accumulate, which causes greater autocatalysis locally [57] . The abrupt decrease in M w at the sixth week expedited the degradation rate as compared with rates in the previous 5 weeks, which may be caused by the autocatalysis.
Calcium phosphate ceramics, especially HA, are bioactive materials capable of promoting osteogenesis of MSCs [14, 47] . Substrate topography comprised of various microand nanofeatures influences cellular behavior [46] . Dalby et al. [19] showed that random circular nanostructures with a diameter of approximately 120 nm promoted and directed osteogenic differentiation of HMSCs in the absence of osteogenic supplements in cell culture media, suggesting that nanofeatures alone can stimulate osteogenic differentiation and mineral production in vitro. Various composite scaffolds containing n-HA have been developed with favorable osteogenic responses [36, 41, 61] . For the PLAGA/n-HA scaffolds used in this study, the n-HA nanoparticles incorporated into the microsphere surface had an average size of 100 nm providing a nanotopographical feature that may be beneficial to HMSC growth and differentiation [19] . During in vitro static culture, HMSCs showed greater proliferation on PLAGA/n-HA scaffolds than on PLAGA scaffolds. Furthermore, HMSCs seeded on PLAGA/n-HA scaffolds showed elevated expression of osteogenic phenotypic markers compared with cells seeded on PLAGA scaffolds. Such enhanced HMSC response to the composites further corroborated our previous findings under static conditions [44] . For example, ALP activity reportedly indicates the commitment of MSCs toward the osteoblastic lineage at early differentiation stages [42] . PLAGA/n-HA scaffolds supported enhanced HMSC ALP expression on Days 21 and 28 as compared with PLAGA scaffolds, indicating promoted osteoblastic differentiation. ALP expression increased with culture time peaking at Day 21. On Day 28, the ALP expression decreased from its maximal value. Rat marrow stromal cells cultured in spinner flasks showed peak ALP expression on Day 14 and ALP activity decreased when cell culture was extended to Day 21 [54] . MSCs of different species might exhibit peak marker expression at different times; however, the general pattern of production is relatively conserved because it is related to each marker's function. ALP usually reaches a maximum that coincides with early osteoblastic differentiation and decreases afterward when matrix maturation and mineralization begin [28] . Additionally, OCN and OPN characterization by enzymelinked immunosorbent assay further confirmed the osteoblastic differentiation state of HMSCs (data not shown). The HMSC behavior on scaffolds in the dynamic culture environment may also be influenced by shear force [29] . In the HARV bioreactor, the theoretical value of generated shear stress has been estimated to be 0.16 to 0.32 N/m 2 , which was sufficient enough to induce enhanced osteoblast differentiation [8, 60] . In the current work, we found this range of shear suitable for HMSC growth and differentiation on PLAGA/n-HA scaffolds.
As an indication of osteoblastic differentiation and maturation, calcium deposition by HMSCs was increased on PLAGA/n-HA scaffolds than on PLAGA scaffolds. Notably, more pronounced mineralization was found in the scaffold interior than on the scaffold surfaces. This finding is in contrast to static cultured tissue-engineered constructs in which cell ingress into the interior is reportedly limited to a depth of several hundred microns [13, 27, 49, 51] . Further actin and nucleus staining of HMSCs on PLAGA/n-HA scaffolds suggested a greater number of cells were distributed uniformly in the interior of scaffolds than on the surface of scaffolds (Fig. 6 ). Additionally, histological staining at different depths of the scaffolds revealed a network of cells and extracellular OPN and OCN throughout the 3-D scaffold structure (Fig. 7) . These findings suggest the nutrient transport and waste removal in HARV bioreactors were efficient enough to allow cells to migrate into the scaffold center. The difference in shear stresses experienced between cells on the surface and cells in the center of the scaffold might explain the observation of more abundant cells in the scaffold interior [6, 8] .
In summary, we found HMSCs seeded on PLAGA/n-HA scaffolds and cultured in HARV bioreactors were well distributed throughout the 3-D structure of the scaffolds and exhibited desirable proliferation, differentiation, and mineralization behavior. Such enhanced performance of HMSCs can be attributed to scaffolding materials, structure, surface nanotopography as well as the culture environment. Therefore, in vitro culture of HMSCs on PLAGA/n-HA scaffolds in HARV bioreactors holds great potential in the development of alternative grafts to repair and regenerate bone.
